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We have studied aging at the cellular level by exam-
ining skin fibroblast cultures derived from skin biopsy 
samples obtained from old and young members of a 
longitudinal study on human aging. Results from a num-
ber of studies already completed indicate that cell cul-
tures from old human donors, unlike cultures from 
young donors, have impaired cell proliferation and re-
duced induction of sister chromatid exchanges. A num-
ber of other parameters, however, are not affected by 
the age ofthe human fibroblast donor. These include cell 
protein and RNA content and the rate of cellular mac-
romolecular synthesis. 
Studying cell cultures d erived from m embers of an 
ongoing longitudinal study permits examination of cor-
relations between in vivo and in vitro measurements on 
the same people. In addition, it allows for future longi-
tudinal studies on human cellular aging. 
S kin fibroblast cultures have been extensively employed in 
investigations of human genetic disorders. The first insight into 
t he mechanisms of several inherited metabolic disorders was 
o bta ined in biochemical and histochemical studies conducted 
on skin fibroblast cultures derived from patients and their 
relatives. It is therefore not surprising that gerontologists have 
wanted to use fibroblast cultures to study aging at the cellular 
level. Initial studies were focused on comparisons between 
human fetal lung fibroblast cultures at early and late stages of 
t heir in vitro life span [1 ,2]. However , there has been concern 
t hat differences observed in human fetal lung cells as a function 
of in vitro serial passage may not accurately reflect in vivo 
human cellular aging [3]. With others in the Laboratory of 
Cellular and Molecular Biology, I have developed an alternative 
model for cellular aging studies: cell cultures derived from 
young and old human beings [4] . We have demonstrated a 
number of age-related changes in these cells. 
SELECTION OF DONORS OF SKIN FIBROBLAST 
CULTURES 
Selection of a normal human population for the study of 
aging is a difficult task. Should one examine a cross-section of 
individuals drawn from all components? Or should one focus 
on a defined group such as airline pilots or career military 
officers? The former would be more representative of the gen-
e ral population , but because of their similar occupational ex-
posw'e, income, and medical treatment, use of the latter would, 
perhaps, permit clearer delineation of aging changes. Another 
question is whether one should examine only young and old 
people without serious diseases. However , finding older subjects 
with no serious medical problems is an almost impossible task. 
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Indeed, it is always difficult to distinguish "normal" changes 
from the pathologic changes that accompany aging. 
Although there is probably no ideal population for aging 
studies, the populations being examined in several ongoing 
longitudinal studies approach this goal. At the Gerontology 
Research Center , there are 2 ongoing longitudinal studies. The 
initial study has approximately 800 men; a 2nd study with 
women has just begun. These people come to the Gerontology 
Research Center every 18 mo for a comprehensive series of 
physiological and psychological analyses, including evaluation 
of cardiac, pulmonary, endocrine, immune, and renal function 
and extensive examination of glucose tolerance, learning, mem-
ory, and other cognitive functions. 
ESTABLISHMENT OF SKIN FIBROBLAST CELL 
CULTURES 
Skin biopsies are performed as an integral part of this pro-
gram. To produce the smallest possible scar and to avoid the 
necessity of a suture, we use a 2-mm punch. After obtaining 
informed consent, we take a biopsy sample from a standardized 
site: the inner aspect of the left upper arm. We chose this site 
because its limited light exposure minimizes differences due to 
varying occupations. 
The specimens are divided into 4 equal pieces, and 2 each are 
placed between coverslips in Leighton tubes with culture me-
dium. Culture medium for explantation as well as experimen-
tation is Eagle's minimal essential medium supplemented with 
nonessential amino acids, glutamine, chlorotetracycline, and 
either 10% or 20% fetal calf serum. We r igorously control cell 
culture conditions to minimize differences related to tissue 
cultUTe variability. All cell cultures are coded by number, and 
this code is broken only after completion of the experiments. 
EFFECT OF DONOR AGE ON THE IN VITRO LIFE 
SP AN OF SKIN FIBROBLASTS 
The initial study examined the cumulative replication capac-
ity of cultures derived from young and old men [4]. Within 4 to 
5 weeks after explantation, sufficient cells had grown out of the 
explanted skin for the transfer of these fibroblasts to Falcon 
plastic culture flasks. The 1st confluent culture was arbitrarily 
designated population doubling 1 (PD 1) . Thereafter, cell cul-
tUTes were split and put in new flasks at a 1:4 ratio every week. 
Each 1:4 passage resulted in 2 addi tional PDs. Thus after 2 
passages, cultures had completed 5 PDs and after 4 passages, 9 
PDs. During the fIrst 20 PDs, all the cultures derived from 
young donors replicated rapidly. However, 3 of the 24 cultures 
derived from the old donor population grew poorly, could not 
be transferred more than twice, and therefore senesced before 
5 PDs. 
After a period of relatively steady growth , cell replication 
slowed in both young and old donor cultures. When cultures 
failed to reach confluency 1 week after a 1:4 split, fresh medium 
was added weekly and the cul tUTes were split only when they 
had reached confluency. This level of PD, at which a culture 
could no longer be split weekly, was termed the onset of 
senescence or phase III of the in vitro life span. Even when the 
3 cultures that senesced before 5 PDs were excluded from our 
calculations, the cells from old donors had a significantly earlier 
onset of senescence (Table) . 
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TABLE Summary of several studies on shin fibroblast cultures derived from young and old human beings" 
Onset of senes- In vitro life Cell popu lation % replicating Cell No. at con- % of cells able to Viral plaque form-Donor group replication rate fl uency (x 10' form colo'))' 2: SCEs per ceW ing uni ts per cell' cen t phase (PO) span (PO) (hr) cells" cells per em' ) 16 cells' 
20-35 years 35.2 ± 2. 1 44 .6 ± 2.5 20.8 ± 0.8 87.7 ± 1.6 7.31 ± 0.42 69.0 ± 3.3 67.9 ± 1.6 83.7 ± 37.6 
(young) (23)/' (23) (18) (07) (18) (09) (07) (09) 
65+ years 22.5 ± 1.7 33.6 ± 2.1 24.3 ± 0.9 79.6 ± 2.5 5.06 ± 0.52 48.0 ± 4.4 56.1 ± 1.4 223.2 ± 61.0 
(old) (21) (21) (18) (07) (18) (08) (06) (09) 
" The results of these s tudies were orginaUy pub lished in references 4, 5, 12, and 15. 
/, Numbers within parentheses indica te the numbers of cell cul tures examined; values nre means ± SEM. 
, Determined by incubation of cells for 24 hr with t rilia ted thymidine and subsequent measurement of the frequ ency of labeled nuclei by autorad iography. 
"Two weeks after plating at low cell densities. 
e Cell cul tures were incuba ted for 48 hr with 7.5 ng of mitomycin C per millili ter of medium. 
'Cell cul tures were infected with vesicular stomatitis virus at low multiplicity of infection for 24 hr and then the medium was assayed for viral plaque-forming uni ts 
as described in reference 15. 
Abbreviations: PO = popu lation doubling; SCEs = sis ter chromatid exchanges. 
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FIG 1. Cell population growth curves of skin fibroblast cultures 
derived from a young (------.) and an old (0 ----0 ) donor. Arrows 
indicate change of medium. From reference 4. 
When a cell culture failed to reach confluency 1 mo after 
transfer, it was considered to have senesced, and the cumulative 
PD was recorded. Once again , cell cultures from old donors had 
significantly shorter in vitro life spans (Table). 
MEASUREMENTS OF CELL REPLICATIVE ABILITIES 
In addition to measuring the cumulative replication capacity, 
we performed several other studies to assess the replicative 
abili ties of cell cul tures derived from young and old donors 
[4]. In t hese s tudies, we examined cultures at equal levels of 
early in vitro passage. We employed growth curves to measure 
t he cell PD rate as well as the cell number at confluency. 
Typical growth curves of a young and an old donor cell culture 
are seen in Fig 1'. The results of a number of measurements 
(Table) revealed that cell cu ltures derived from old human 
beings had significantly longer PD times and lower cell yields 
at confluency. 
We determined th e percentage of rapidly replicating cells in 
each culture by incubating them with trit iated thymidine and 
counting the number of radio labeled cell nuclei by autoradiog-
raphy. Once again, a small but statistically significant lower 
percentage of rapidly replicating cells was observed in cultUJ'es 
~erived from older donors (Table) . 
COLONY SIZE ILog2 cells/colonvl 
FIG 2. Percentage of colonies able to attain at least a specified size 
as compared to colony size. Colony size is expressed as log~ of the 
number of ceUs per colony. Adul t human skin cul tures f/'Om a young 
(GRC74, age 33 ye31'S; e--e) and an old (GRC20, age 80 years; 
0-0) donors were cloned at the 10th population doubling in vitro. 
From reference 5. 
Another way to examine the acute and chronic replicative 
abilities of human skin fibroblasts in vitro is to measure the 
colony sizes of individual cloned tibroblasts [5]. Typical colony 
size distributions of fibroblasts derived from a young and an old 
human donor are seen in Fig 2. Although 60% of t he cells from 
the young donor were capable of forming colonies with 256 or 
more cells (8+ PDs) , less than 2% of old donor fibroblasts were 
capable of such division. 
Even at a modest replication level, such as 4 doublings (~16 
cells), a significant decline was observed in the percentage of 
old donor cells a ble to reach this level of replication. In fact, we 
found the most significant difference between young and old 
donor cells at this level of 4 or more PDs [5]. The results of 
measurements of colony size distributions for 17 cell culture 
are summarized in the Table. Once again, a highly significant 
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decrease in replicative capabilities was observed in cultures 
derived from old volunteers. 
SISTER CHROMATID EXCHANGE ANALYSIS 
Sister chromatid exchanges (SCEs) are a sensitive measure 
of induced DNA damage [6]. Development of the 5-bromode-
oxyuridine-differential (BrdU -differential) chromatid staining 
techniques has permitted rapid and unequivocal demonstration 
of these SCEs both in vitro [7-9] and in vivo in laboratory 
animals [9-11]. The effects of aging on background and muta-
gen-induced levels of SCE have been examined in several cell 
systems. Studies on skin fibroblast cultures revealed a signifi-
cantly lower frequency of mutagen-induced SCE in cultures 
derived from older subjects than in parallel cultures of cells 
from young donors [12]. These findings are in agreement with 
the decline in mutagen-induced SCE frequencies observed in 
vitro as a function of the serial passage of human fetal lung 
fibroblasts [in vitro aging, 13] and in vivo as a function of the 
age of the laboratory animal [14]. Background SCE levels, 
another function of aging, were unchanged in all these cell 
systems [12-14]. Our data indicate a significant alteration in 
the response of aging cell populations to induced DNA damage. 
CELLULAR MACROMOLECULAR SYNTHESIS 
One prominent hypothesis of aging, that of Dr. Leslie Orgel, 
proposes that with aging there is an accumulation of errors in 
translation and transcription [15]. If these errors lead to the 
production of faulty enzymes involved in translation and tran-
scription, further errors will be produced until an "error catas-
trophe" leads to cell death. One might therefore predict, on the 
basis of this hypothesis, that older cells would exhibit less 
macromolecular synthesis than younger ones. We examined 
this premise in skin fibroblast cultures from young and old 
human donors. We used a viral probe as a useful and simple 
way to test for impaired macromolecular synthesis since defec-
tive cells were expected to produce diminished yields of infec-
tive virus [16]. However, infection of skin fibroblast cultures 
with VSV (vesicular stomatitis virus) resulted in a slight, but 
not statistically significant (p > 0.05), increase in the yield of 
infective virus from old donor cells. These fmdings indicate that 
macromolecular synthesis does not decrease significantly as the 
age of the fibroblast donor increases. Direct measurement of 
cellular RNA and protein content also failed to reveal a signifi-
cant quantitative alteration in these macromolecules as a func-
tion of donor age [4]. 
OTHER STUDIES ON SKIN FIBROBLAST CULTURES 
A number of other studies, including examination of insulin 
and epidermal growth factor receptors, simian virus 40 (SV 40) 
transformability, prostaglandin-mediated cyclic nucleotide me-
tabolism, cell mobility, and cell surface properties, ru'e in prog-
ress. 
Over the past 2 yrs, more than 100 skin fibroblast cultures 
have been established from members of the Baltimore Longi-
tudinal Study. Many of these cultures will be incorporated into 
the Aging Cell Bank at the Institute for Medical Research, 
Camden, New Jersey, and will be available to researchers 
interested in studying cellular aging. 
INTERPRET ATION OF IN VITRO STUDIES 
In studies on cell replication and SCE, considerable overlap 
was observed between results obtained with young and old 
donor 'skin fibroblasts. Physiological studies conducted on hu-
man subjects have revealed a similar degree of overlap [17]. 
Some of this variation may be related to the use of chrono-
logical age as the index of in vivo age. Research scientists as 
well as clinicians have long been aware that biological age may 
not be well represented by chronological age. Another probable 
source of this variabilitY .in studies on cultured human cells is 
the unavoidable genetic heterogeneity of human beings. 
Despite this overlap, the above studies cleru'ly demonstrated 
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statistically significant decreases in the in vitro replicative 
abilities and mutagen-induced SCE levels of skin fibroblast 
cultures as a function of human aging. Perhaps the emphasis 
we placed on standru'dization of skin biopsy procedures, explan-
tation and subcultivation protocols, utilization of the same 
medium, and the performance of all determinations on pru'allel 
old and young donor cultures enabled us to detect differences 
between old and young donor cells. It is important to obtain 
cells from a nonhospitalized, normal population since disorders 
such as diabetes can alter the in vitro life span as well as other 
parameters [18]. 
It is reasonable to assume, since they had survived to the age 
of 65, that the people in our old population were relatively 
vigorous; therefore, we may have underestimated the extent of 
the in vitro alterations that occur as a function of in vivo aging. 
FUTURE RESEARCH DIRECTIONS 
These studies on skin fibroblast cultures from young and old 
human donors have been most encouraging and have led us to 
more extensive analyses of the relationship between in vitro 
measurements and in vivo human cellular aging. To closely 
examine correlations between in vitro cellular determinations 
and in vivo physiological alterations, we are focusing on one in 
vitro test, the colony size distribution. This test is being per-
formed on cell cultures established from 400 members of the 
Baltimore Longitudinal Study. We anticipate that this study 
will provide sufficient data for cori'elative analysis with physi-
ological data collected from the same individuals. Thus, we may 
be able to examine the relationship between in vivo functions 
such as glucose tolerance or immune response with in vitro 
functions such as cell replication. 
These studies may also provide a unique type of longitudinal 
data. We anticipate that a few individuals will consent to 
repeated skin biopsies over a 5- to lO-yeru' span. Skin fibroblast 
cultures will be established from these specimens, and the 
resultant cells will be frozen in our cell bank. Later, cells from 
the same individual obtained at increasing chronological ages 
can be thawed, returned to tissue culture, and examined in a 
parallel manner under identical conditions. These longitudinal 
data can be obtained at the same time with the same equipment 
and personnel; therefore, we can avoid many of the problems 
inherent in other types of longitudinal measurement. 
Even though studies on skin fibroblast cultures can provide 
important information on human cellular aging, it is vital that 
we search for other human skin cell systems. For gerontologists 
as well as dermatologists, cultured epidermal keratinocytes may 
be a useful model system for aging studies. These cells, obtained 
from skin biopsy samples, can be cultured successfully in vitro 
for extended periods [19]. Furthermore, they retain some of 
their differentiated cell properties, such as the formation of a 
cornified envelope [20] and the development of curved ridges 
resembling dermatoglyphs [21], and they ru'e particularly ame-
nable to in vivo and in vitro comparisons since they can be 
easily identified in vivo and retain many of their functions in 
vitro. 
CONCLUSIONS 
Skin fibroblasts have proved to be a useful model system for 
the investigation of human cellulru' aging. Both acute and 
chronic cell replicative abilities have been shown to decrease as 
a function of the age of the cell culture donor. Perhaps our in 
vitro data obtained from human volunteers in the Baltimore 
Longitudinal Study will have in vivo predictive value. Will the 
old donor whose cells replicate well in tissue culture have 
relatively good immune function and wound healing? Will the 
young donor whose cells proliferate poorly have impaired im-
mune function and delayed wound healing? These are some of 
the questions that can be addressed with our integrated in vitro 
and in vivo studies. 
I am interested in the observed decline in mutagen-induced 
SCEs with aging because it has been suggested that these 
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events may be related to the DNA repair capacity. Skin fibro-
blasts can also be employed in studies designed to test hy-
potheses of cellular aging, such as that of Orgel. Our finding of 
no decrease in macromolecular synthesis with donor age does 
not support this hypothesis. 
Because these studies are also longitudinal in nature, skin 
fibroblast cultures will be obtained from the same individuals 
at different t imes in their in vivo life span. Thus, in t he future 
we will be able to examine the effects of in vivo aging on a 
variety of cellular parameters in genetically homogenous cul-
tures. 
Some of the data presented in t his review were published in primary 
papers detailed in references 4,5, a nd 12. Collaborators in t hese projects 
include Drs. Y. Mitsui, J . Smith, O. Pereira-Smith, and J . P itha; Messrs. 
D. Danner and B . GiLman; and Ms. K . Braunschweiger. I t hank the 
members of t he Balt imore Longitudina l Study for their help, without 
wh ich these studies would not be possible. 
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